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Considerable  information on the structure and antibody activity of IgM globulins 
has been obtained recently. Miller and Metzger (1) and Lamm and Small (2) proposed 
that the IgM molecule  is composed of five 7S subunits,  each of which is probably 
linked by a single disulfide bond to the adjacent subunit (3). Ultrastructural studies 
of human and rabbit IgM confirmed  this five subuuit model (4, 5) and showed that 
subunits  joined  in  a  central ring structure  form a  circular pentamer.  10 potential 
combining sites have been predicted from polypeptide chain construction studies (2, 3, 
7) and analyses of trypsin digestion  fragments of IgM (6). IgM antibodies to a tetra- 
saccharide antigen of Salmonella typhi and a hapten were recently reported (8, 9) to 
have valences of 10. Other investigators (10-12)  have however been unable to demon- 
strate  more  than  five effective  valences.  Recent  ultrastructural  studies  (13) also 
indicated that the human IgM subunits were univalent. 
IgG is cleaved by papaha into three distinct fragments: two Fab fragments, each 
containing one light chain and part of a heavy chain and one Fc fragment containing 
the remainder of the heavy chains (14). IgM molecules can also be degraded by papain 
into molecules of lower molecular weight (15-21).  Deutsch et at.  (15), using papain 
activated by 0.01 ~  cysteine, obtained no Fc-like fragments, while Onone et al. (18) 
reported that papain digestion of reduced IgM  subunits resulted in a  small yield of 
Fc-like fragments. Recently papain cleavage of intact IgM has yielded  small amounts 
of larger Fc/z fragments (16,  17,  19-21).  All these studies indicate, that unlike  the 
stability of the Fc fragment of IgG, its counterpart of both human and rabbit IgM is 
rather rapidly hydrolyzed to dialyzable peptides. 
The cleavage of IgM globulins  by pepsin has been investigated recently (22-24). 
A dimeric F(ab")~ fragment was obtained only under mild conditions of proteolysis. 
The pepsin digestion proceeded rapidly over a monomeric Fab'/z fragment to a com- 
plete conversion into small peptides within 48 hr. The C-terminal portion of the #- 
chains in the IgM molecule  corresponding to the papain Fc/z fragment was rapidly 
digested into small peptides. 
* This work was supported by the Swedish Medical Research Council (Projects K68-11X- 
2427-01 and B69-11X-2427-02), by the foundation "Konung GustM V's 80-~rsfond" and in 
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The primary object of the present study was to relate  the ultrastructure of the 
various proteolytic products to the fine architecture of the intact IgM molecule. It 
was possible to show that the papain Fc~ fragment constituted the central ring struc- 
ture previously demonstrated (4, 5) in intact IgM molecules. Certain ultrastructural 
features of papain Fab/z and pepsin F(ab")~ fragments are also reported. 
Materials and Methods 
IgM Globtdins.--Four different human IgM globulin preparations were examined. All four 
preparations were purified from the plasma or serum of patients with macroglobulinemia 
(WaldenstrSm). Three of the Waldenstr6m IgM globulins  were purified as follows. The globulin 
~.0 
3.0 
t-~ 
o  2.0 
1.0 
Tube  No.  25  30  35  z,O  z,5  50 
FIG. 1.  Bio-Gel A-0.5m elufion pattern of a purified WaldenstrSm IgM globulin prepara- 
tion on a column 2.4 cm  2 X  170 cm in 0.5 M NaC1 buffered with 0.1 M  Tris-HC1, pI-I 8.0. 
fraction was precipitated with (NH4)2 SO4 at 45% saturation, lipids were floatated and re- 
moved by adjusting the density of the globulin  fraction to 1.05 and centrifuging this fraction at 
30,000 rpm for 3 hr in a Spinco model L ultracentrifuge. Further purification of the IgM globu- 
lins was achieved by Pevikon block electrophoresis  and gel filtration on Sephadex G-200 (Phar- 
macia Fine Chemicals, Inc. Uppsala,  Sweden)  or Bio-Gel A-15 m  (Bio-Rad Laboratories, 
Richmond, Calif.) columns. The fourth Waldenstr6m IgM preparation  I was purified by a four 
step procedure including: removal of low  density lipoproteins by precipitation with 0.5% 
dextran sulfate (mol wt, 560,000) and 0.09 M CaC12 ; preparative electrophoresis  on Pcvikon 
block; gel filtration first on Sephadex G-200 and then on Bio-Gel  A-0.5m (Fig. 1). 
The purity of the IgM preparations was tested by analytical ultracentrifugation, gel diffu- 
sion analyses, and immunoelectrophoresis. Three of the WaldenstrSm IgM globulins  were of K 
type, and the fourth of L type. 
Papain Digestion of [gM.--Two different procedures of papain digestion were employed. 
The initial studies were performed with fragments from two IgM preparations earlier reported 
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on by Mihaesco and Seligmann (19). The third IgM preparation was digested using a proce- 
dure analogous to that used by these investigators. The digestion procedure was as follows: 
IgM globulins (10 mg/ml) were digested in 0.1 ~r phosphate buffer,  pH 7.0; 0.001 M cysteine 
HC1; and 0.001 ~  EDTA using a papain  (twice crystallized, Worthington Biochemical Corp., 
Freehold, N.J.) to IgM ratio of 2:100 (w/w). The mixture was incubated at 37°C for 24 hr and 
the proteolysis stopped by the addition of 50% molar excess of iodoacetamide. 
The fourth IgM preparation  (1.6 mg/ml) was digested in the absence of cysteine as de- 
scribed by Onoue et al.  (21).  7 mg of crystalline mercuri-papain  (Sigma Chemical Co., St. 
Louis, Mo.) were incubated in 1.2 ml of 0.1 wr phosphate buffer, pH 6.8, containing 0.01 M cys- 
teine and 0.002 xt EDTA at 37°C for 30 rain. The mixture was submitted to gel filtration on a 
Sephadex G-25 column (1  X  15 cm) equilibrated with 0.1  g  phosphate buffer, pH 7.0. The 
major part of the first protein peak (5--6 mg papain) was collected and 4 mg of this activated 
papain was incubated with 48 mg of IgM (fractions 29-33 in Fig. 1) in 0.1 xr phosphate buffer, 
pH 7.0, containing 0.002 M EDTA. After digestion for 24 hr at 37°C with slow magnetic stirring, 
the mixture was dialyzed for 20 hr at 4°C against 0.15 ~s NaCI buffered with 0.02  borate at 
pH 8.0. 
Pepsin Digestion of IgM.--A purified Waldenstriim IgM preparation  (5 mg/ml) was di- 
gested with pepsin  (twice crystallized, Worthington Biochemical) for 4 hr in 0.2  ~s acetate 
buffer, pH 4.5,  at 37°C. The enzyme to XgM ratio was 2:100 (w/w). The enzymatic activity 
was stopped by adjusting the pH to 8.0. 
Gel Filtration  Chromatography.--For  purification of IgM globulins and  their papain  and 
pepsin digestion products gel filtration was performed on columns 1 X  60 cm or 2.9 X  170 cm, 
packed with Sephadex G-200,  Bio-Gel A-15 m, or Bio-Gel A-0.5m equilibrated  with  0.5 
NaCI buffered with 0.1 ,x tris-HCl, pH 8.0, plus 2% n-butanol at 4°C. The flow rate was about 
3 ml/hr per em ~. 
Pevihon  Elextrophor~is.--Pevikon  (Pevikon  C  870,  Fosfatbolaget,  Stockholm,  Sweden) 
electrophoresis was conducted on a block of 45 X  25 X  0.5 cm, which had been equilibrated 
with sodium diethylbarbiturate buffer, #  0.1,  pH 8.6.  Electrophoresis was carried out at 6.5 
volts/cm for 20 hr at CC. 
Protein Deterrainatiom.--Protein  concentrations were determined on the basis of absorb- 
ance at 280 In# in a 1.0 em quarts cuvette with a Beckman DU spectrophntometer arbitrarily 
•  •  •  1%  using an extmctmn coeffictent (Exom) of 12.5 in all calculations. 
Analyt~ica~ Methods: 
Agar Gd F3ectrophoresis.--Agar gel electrophoresis (2% Ionagar No. 2, Oxo Ltd., London, 
England) was conducted on a block 15 X  25 X  0.3 cm in sodium diethylbarbiturate buffer, # 
0.05, pH 8.2. Electrophnresis was performed at 8 volts/cm  for 16 hr at 5°C. The block was 
stained with amido black for 20 rain and decolored in 7% acetic acid for 5 days. Immunodextro- 
phorex/s was performed in 1% agar (Noble agar) and sodium diethylbarbiturate buffer, #  0.1, 
pH 8.6,  according to Scheideggex's micromethod  (25) and double diffusion  analyses on glass 
slides in 1% agarose gel (Bio-Rad) in 0.15  x~ NaC1 buffered with 0.01 M phosphate, pH 7.2, 
using LKB immunodiffusion equipment. 
Antisera.--Horse antiserum against whole human serum, sheep antiserum against K  and L 
chains and rabbit antisera against two of the Waldenstriim IgM globulins, IgM(S) and IgM (D) 
(19), were prepared in the laboratory. Rabbit antisera against #, K  and L chains were also 
purchased from Behringwerke AG, Marburg-Lahn, West Germany, and Hyland Laboratories, 
Los Angeles, Calif. 
Analytical  Ultracentrifugation.--Analytical  ultracentrifugation was performed in a  Spinco 
model E  ultracentrifuge in 0.01  x¢ phosphate-buffered saline, pH 7.2. The sedimentation co- 
efficient, sg0.w was calculated assuming ¢20 =  0.72 for IgM (1). 
Electron M@roscopy.--The  negative staining technique (26) was used. Specimens for dec- 694  ULTRASTRUCTURE  OF  FRAGMENTS  OF  HUMAN  IgM  GLOBULINS 
tron microscopy  were prepared by mixing 0.025 ml of the protein solution to be examined with 
0.025 ml of the negative staining material on a 400-mesh carbon coated copper grid. Mtera few 
seconds, excess fluid was withdrawn with filter paper and whenever necessary, due to an overly 
high salt concentration in the protein solution, the grid was gently washed with the negative 
staining material. The grid was then transferred immediately  into the vacuum of a Philips 200 
electron microscope and examined at an initial magnification of 47,000 X, using double con- 
densed illumination at 80 kv. The condenser apertures were 200 ~ and 100/~, respectively, and 
the objective  aperture, 40 #. Three different negative staining materials were used: 2% sodium 
tungstosilicate,  pH 7.0, 2% uranyl acetate, pH 4.9, and 1% uranyl formate, pH 4.9. 
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FIO. 2.  Sephadex  G-200 gel filtration of a 24 hr papain digest from a Waldenstr6m IgM 
preparation digested by activated papain in the absence of cysteine. The column (2.9 cm 2 X 
170 cm) was equilibrated with 0.1 ~ Tris-HC1, pH 8.0, containing 0.5 ~s NaC1. Results of im- 
munodiffusion  tests with anti-/t and anti-K sera are indicated below the elution curves. The 
first eluted peak contained Fc/~ fragments and a smaller amount of intact IgM; the second 
peak, Fab# fragments; and the third small peak, dialyzable peptides. The two open circles 
indicate fractions which were analyzed in the electron microscope. 
RESULTS 
Characterization of Papain and Pepsin Digested Products.--The  dialyzed 24 
hr papain digests obtained in the absence of cysteine were fractionated by gel 
filtration on Sephadex G-200 columns. The elution pattern from such a  column 
is seen  in  Fig.  2.  The  relative recoveries in  the three peaks  were  44%  (first 
peak),  48%  (second  peak),  and  8%  (third  peak).  Immunoelectrophoretic 
analyses showed the presence of #-chain,  and a  small number  of K  chains,  in 
the first peak (Figs. 3  and 4).  The component in the second peak, migrating 
towards  the cathode,  contained both/z-chain  and  K  chain  determinants  and 
the small third peak mainly had dialyzable peptides which were not precipitated 
by the antisera used. Agar gel electrophoresis of material from the first peak 
(Fig. 4)  indicated the presence of three components which all migrated to the 
anodic side; the most  rapidly migrating component  reacted only with  anti-# SVEN-ERIC  SVEHAG, BJIJRN  BLOTH, AND  MAXIME SELIGMANN  695 
sera,  the  intermediate  component reacted  also  weakly with  anti-K,  and  the 
third slow component reacted strongly with both anti-~ and anti-K sera. 
Densitometric scanning of stained agar strips from two electrophoresis runs 
(Fig. 5)  indicated that the slow component I, containing both #-chains and K 
chains, constituted about 20 % of the total protein in the first eluted peak from 
the G-200 column. The relative amounts of components II and III were 58 % 
Fro. 3.  Immunoelectrophoretic analyses of unfractionated and  fractionated papain and 
pepsin digests of IgM. Antisera used: (left) anti-# and (right) anti-K. Wells A, intact IgM: 
wells B, 24 hr papain digest in the absence of cysteine; wells C, first elution peak from Sepha- 
dex G-200 of this papain digest; well D, second elution peak from G-200 of this papain digest; 
wells E, first elution peak from G-200 of a 24 hr papain digest in the presence of cysteine; wells 
F, F(ab")2~z fragments obtained by fractionation of a 4 hr pepsin digest on Sephadex G-200. 
and 21%, respectively. The fast moving component III contained native Fc/~, 
while component I and part of component II consisted of undegraded or slightly 
degraded IgM. Small Fc/z fragments were probably also present in peak II. 
IgM preparations digested by papain for 24 hr in the presence of cysteine, as 
described in Materials and Methods, were also fractionated on Sephadex G-200. 
Three major peaks were observed here also, but the profile of the elution curve 
was different,  since the third peak,  containing dialyzable peptides,  was large. 
As has been earlier demonstrated by Mihaesco and Seligmann (19),  the mate- 
rials  in the first two peaks did not share common antigenic determinants. 
Pepsin digestion of IgM proceeded more rapidly than cleavage with papain. 696  ULTRASTRUCTURE  OF  FRAGMENTS  OF  HUMAN  IgM  GLOBULINS 
FIG.  4.  Combined  electrophoresis  and  immunoelectrophoresis  in  agar  gel  and  Veronal 
buffer (# 0.05), pH 8.2, of a 24 hr papain digest of IgM obtained in the absence of cysteine. The 
digest was fractionated on a  Sephadex G-200 column and material from the first elution peak 
was analyzed. In the central part of the picture is shown the electrophoretic separation of the 
material; at the top, its reaction with anti-K serum; and at the bottom, its reaction with anti-# 
serum. 
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FIG.  5.  Densitometric scanning of stained agar strips from two  electrophoresis runs with 
papain digests of  IgM  obtained  in  the absence of  cysteine. The  digest was  fractionated  on 
Sephadex G-200 columns and material from the first elution peak was analyzed. SVEN-ERIC  SVEHAG,  BJ~JRN  BLOTH,  AND  MAXIME  SELIGMANN  697 
Approximately 80%  of the  IgM molecules were  degraded  to small peptides 
after 24 hr digestion. After pepsin digestion for only 4 hr a large (s20.w =  6.35) 
fragment  possessing  both  heavy  and  light  polypeptide  chain  determinants 
(Fig. 3)  could however be isolated on G-200  columns. This dimeric fragment, 
designated F(ab")2> (23) had no antigenic determinants in common with the 
Fc fragment obtained by papain digestion. 
Electron Microscopy of Papain-Digested Fc#  Fragments.--Electron micro- 
graphs of Fc # preparations at low magnification (Fig. 6)  at a first look had a 
rather heterogeneous appearance.  Close inspection, however,  of preparations 
obtained by digestion in the absence of cysteine revealed the presence of ring 
structures with short protrusions in high concentration and a smaller amount 
of apparently intact IgM molecules. Fc/~ material from IgM digested in the 
presence of cysteine also contained an abundance of such ring structures but 
virtually no intact IgM molecules. Aggregates of ring structures were occasion- 
ally seen  (Fig.  7)  At high magnification (Fig. 8a and b)  the ring structures, 
sometimes defective, were found to have the following dimensions: outer diam- 
eter about 85 A; inner diameter, approximately 40 A; and the short appendages, 
20-30 A. Thus, these structures had the dimensions and appearance of mutilated 
IgM molecules (for comparison, see Fig. 8c)  which had lost the major part of 
their appendages. 
In addition, larger screw-like structures (200-500  A) were present in the Fc# 
preparations obtained by both methods of papain digestion (Fig. 9a). At very 
high magnification these structures were often found to consist of several sub- 
units visible as two short parallel bars or resembling the letter U. Such subunits, 
with a width of about 40 A, were also contained in the intact large ringshaped 
Fc  fragments  (Fig.  7).  Occasionally,  the  small  Fc>-subunits  formed  larger 
rings of 150-250  A diameter, sometimes with one large Fcb* fragment in  the 
center (Fig. 9b). 
The ultrastructural features of Fc/~ fragments obtained by papain digestion 
in the absence and presence of cysteine HC1 were indistinguishable from one 
another. 
Electron Microscopy of Papain-Digested Fabl~ Fragmenls.--When examined 
in the electron microscope preparations of Fab~ fragments were found to con- 
tain two kinds  of structures.  The  predominating structure  consisted  of two 
more or less parallel, apparently joined endwise, units with a length of 40-50 A. 
Occasionally one of the units extended 25-30 A beyond the joint between the 
two units.  Each unit had  a  thickness of approximately 15  A.  The  size  and 
architecture of these structures were compatible with the conclusion that they 
represented monomeric Fab fragments containing one light chain and approxi- 
mately half of a heavy peptide chain. 
The second type of structure occasionally observed had the appearance  of 
segmented strands, several hundred A in length, consisting of short (40-50 A) 698  ULTRASTRUCTURE  O~'  ]~'RAGMENTS  OF  HUMAN  IgM  GLOBULINS 
rodlike structures arranged in parallel (Fig. 10).  These subunits in the strands 
had  the same  size as  the free-laying two-unit structures,  suggesting that  the 
strands were built up of sidewise aggregated Fab/a fragments. 
Electron Microscopy of Pepsin Digesled F(ab")~/a Fragmenls.--No  Fc/~ frag- 
ments were obtained after pepsin digestion of IgM as the central part of the 
molecule was rapidly hydrolyzed to dialyzable peptides. Electron micrographs 
of F(abt~)2# fragments obtained by this digestion procedure are seen in Fig. 11. 
These fragments had  the appearance of two mostly parallel short  rod-like or 
club-like structures joined sidewise.  Onh, occasionally was the thinner part of 
this structure discernible. The dimensions of the two joined parallel units  were 
about 55 X  75-80 A and each separate unit was about 25 A (thick end) and 15 
A  (thin end)  X  75-80 A. The rod-shaped compact part of the structure had a 
length  of about  50  A.  These measurements  are  compatible with  a  structure 
containing 2 pairs  of about half one heaw" chain  (75  X  15  A)  and one light 
peptide chain (50 X  15 A). 
Single club-like structures of the same length probably representing half of a 
F(ab").,/a fragment were also present in low concentrations. 
DISCUSSION 
The immunochemical properties of proteolytic fragments obtained by papain 
digestion of two Waldenstr6m  /gM  globulin preparations have recently been 
described by Mihaesco and  Seligmann  (19). The ultrastructure of these frag- 
ments,  as well  as of those originating from two additional Waldenstr6m IgM 
preparations, have been analyzed in the present stud)'. Three of the IgM prep- 
arations were digested in the presence of cvsteine and the yields and properties 
of the fragments were similar for all three preparations. The fourth IgM prep- 
aration was digested by activated papain in the absence of cysteine (21). Under 
these proteolytic conditions, the yield of Fc# fragments was slightly increased, 
in comparison to digestion performed with cysteine present. 
Attempts  to  obtain  Fc-like  fragments  by  digestion  of  IgM  subunits  (15, 
19, 20) have only been partially successful, as the major part of the fragments 
were further degraded to small peptides. Accumulated data indicate that  the 
native conformation of the  Fc fragment of IgM  confers resistance to papain 
digestion. Recently Onoue et al.  (21)  and Mihaesco and Seligmann (19)  have 
shown  that  the  Fc/a fragment  is  made up  of /a-chain  segments  from several 
disulfide-linked subunits.  Moreover, it  was  shown  by Onoue et al.  (21)  that 
the 10.6 Fc# fragments dissociated into 3.2 S units upon mild reduction and alky- 
lation and they suggested that this was compatible with an Fc/a fragment com- 
posed of probably five 3.2  S subunits. Doolittle et al.  (28)  and Abel and Grey 
(29) located a disulfide bond in the carboxy-terminus of the/a-chains and Miha- 
esco and Mihaesco (30)  showed that this disulfide bond is present also in the 
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"intersubunit disulfide bonds" are readily split by the small amounts of cysteine 
used for activation of the papain and that even in the absence of the activating 
reagent some cleavage of these labile --S--S-- bonds has occurred. 
Although the digests obtained by papain cleavage in the absence of cysteine 
separated into three distinct peaks on Sephadex G-200, analyses with agar gel 
electrophoresis,  immunoelectrophoresis and electron microscopy showed hete- 
rogeneity in the material from the first eluted peak. Agar gel electrophoresis 
of material from the same peak indicated the presence of three components, all 
of which  migrated  to  the  anodic  side.  Only  the  most  rapidly  migrating 
component contained native Fc#. The slow moving component, remaining close 
to the origin, consisted of residual IgM molecules which also were identified by 
electron microscopy. Onoue et al.  (21) also observed some undigested residual 
IgM after papain digestion under similar conditions. 
The  negative  contrast  technique  is  highly  useful  in  electron  microscopic 
studies of proteins since it allows ultrastructural  analyses of molecules which 
themselves do not scatter a sufficient fraction of the electron beam to achieve a 
satisfactory contrast.  The  picture  obtained by this  technique  represents  an 
image of the layer of stain embedding the protein molecule which limits size 
estimations under  optimal conditions to the range  of 10-15  A.  It should be 
noted that free-laying molecules  are viewed from random directions and that 
the ratio of molecular volume in solution to the molecular volume in the embed- 
ded preparations is unknown. 
Electron micrographs  of papain  Fclz fragments  at high magnification sug- 
gested that the ring structure  (circumference,  about 200 A) was composed of 
five subunits linked sidewise (width, about 40 A) each of which consisted of two 
short parallel rods.  Such small subunits of the large Fc/z fragment,  probably 
released after rupture of intersubunit disulfide bonds, had a tendency to form 
aggregates,  which on the G-200  column~ were recovered in the same elution 
peak as the larger  Fc/Z fragments. These complexes of Fc/z subunits may be 
formed by interchange  of subunit  disulfide  bonds.  No Fclz fragments were 
obtained after pepsin digestion of IgM at pH 4.5. This is in agreement with 
earlier reports (23, 24) suggesting that pepsin cleavage of IgM at acid pH starts 
at the C-terminal ends of the/z-chains and that it progresses rapidly. 
The maximal dimensions  of Fab/z fragments, obtained by both methods of 
papain digestion,  were 50 A (length of double chain part) and about 80 A (total 
length)  X  30 A which may be compared with measurements given for Fab% 
Valentine and Green (31) reported mean Fab'y dimensions of 60 A X  35 A and 
Almeida et al. (32) found Fab~" fragments attached to polyoma virus to have a 
mean size of 67 A X  25 A. The maximal length measurements given by the two 
groups were 80 A and 97 A, respectively. The Fab/z  and F(abPt)2/z fragments 
examined here had about equal length,  but the total width of the latter was 
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studies (23, 24) have indicated that F(ab")2# contains a larger Fd-piece than 
Fab# but this could not be verified on the electron micrographs due to the weak 
contrast in this part of the fragments. The Fab/z fragTnents had a tendency to 
aggregate sidewise. 
When the proteolytic fragments of IgM were assumed to be cylinders with 
circular cross sections, their calculated (partial specific volume 0.72) mol wts for 
Fab/z were 40,000 and for F(ab'P)2/z, 98,000, which are in reasonably good agree- 
ment with recently calculated sedimentation velocity values (I2, 19). The mole- 
cular weight of the large Fc/z fragment was similarly  calculated to be approxi- 
mately  300,000, which  is  in  good  agreement  with  recent  molecular  weight 
measurements performed on the Fc# fragments  of IgM(S)  and  IgM(D) * and 
with the value of 320,000 reported by Onoue et al. (21). 
Several recent studies (11-13,  18, 34) have indicated that the IgM antibody 
molecule has an effective valence of five. However, the yield of Fab-like frag- 
ments obtained by papain (18, 19) or trypsin (6) digestion of IgM has corres- 
ponded to about 10 moles/mole IgM. This number is compatible with the size 
and molecular weight estimations of the Fab/z and F(abP'),/z fragments given 
in  the present  report.  Most polypeptide chain  construction studies  (1,  3,  7) 
have also indicated that the IgM molecule is composed of subunits containing 
two heavy and two light peptide chains.  IgM subunits have, however, failed 
to show activity in most systems requiring  divalent antibodies.  Some possible 
explanations for the apparent monovalency of the IgM subunits are:  (a)  the 
two combining sites are so distributed that steric hindrance operates at one site; 
(b) loss of one of the combining sites due to loss of L-chains during alkylation 
(33); (c) one of the combining sites is, for reasons unknown, of extremely low 
affinity (9,  12);  (d) the reduced subunits do actually contain only one heavy 
and  light  chain  pair. 
Steffen (27)  proposed that  in each subunit  one Fab# has  the N-terminal 
chain  ends  directed  towards  the  center  of the molecule which  would cause 
steric  hindrance  when  the  antibody  molecule  interacts  with  antigen.  This 
model would seem to severely restrict the three-dimensional orientation of the 
subunits and is not compatible with the flexible filamentous subunits which on 
electron micrographs are seen extending from the central ring structure in the 
molecule.  In  addition,  there is no indication  for the existence of light  chain 
determinants in the central part of the IgM molecule. An observation made in 
the ultrastructural studies of IgM may be relevant when considering  the pos- 
sibility of steric hindrance. In intact IgM, the Fab regions were found to have 
a  compact appearance (35-40 A  >(  50 A)  and the two Fab# fragments were 
rarely visible as distinct separate units. Thus, central hinge-points were gener- 
ally not demonstrable in either free IgM molecules or in IgM antibody molecules 
reacting with antigen. This is in contrast to the IgG molecule where the two 
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Fah~  fragments usually are seen as two dearly separate units in both free- 
laying molecules and IgG antibody molecules bound to antigen. 
Suzuki and  Deutsch  (33)  reported a  loss  of L-chains during  alkylation of 
reduced IgM products yielding subunits made up of one L-chain and two H- 
chains. This finding offers another explanation for the observed monovalency of 
the subunits. Kishimoto et al.  (24)  failed however to demonstrate free light 
chains  in reduced and alkylated IgM preparations. Frank and Humphrey (12) 
presented data indicating that most of the reduced products contained only one 
heavy and one light chain (mol wt, about 90,000) and that subunits compatible 
with  a  four-chain  structure  (tool  wt, about 180,000) amounted to less  than 
10% of the total yield. Two types of reduced products were also suggested in 
a recent report by Onoue et al.  (9). These authors reported that reduced and 
alkylated IgM  antibody was partially  separated  by ultracentrifugation  into 
two components, one heavier and one lighter than 5.5 S. These observations are 
supported by recent electron micrographs of IgM subunits showing subunits of 
two different sizes.  3 The predominating structure was clublike with the dimen- 
sions 30-35 A X  90 A, but a larger structure (50-55 A X  90 A), visible as two 
parallel  rods,  was present  in 5-30%  of the  total  yield depending  upon  the 
reduction procedure used. These two structures had the same width as Fab~t and 
F(ab")~, respectively, and only the molecular weight calculated for the larger 
subunit (160,000-170,000)  was compatible with a structure containing two H 
and two L chains or possibly two H  and one L chain (33). 
SUMMARY 
The ultrastructure  of papain  and pepsin-digested products of human  IgM 
globulins  has  been  analyzed.  Papain  digestion  was  performed  both  in  the 
presence and absence of cysteine. 
The Fc/z fragment was found to represent the central ring structure in the 
intact IgM molecule, plus a minor part of the appendages extending from the 
ring. The Fc# ring structure was occasionally seen to be composed of dimers of 
short rods, probably identical with the endpieces of two #-chains.  Such dimeric 
structures, released from the intact Fc# rings, had a tendency to aggregate side- 
wise, producing complexes of varying size. The dimensions  of the Fc/z fragments 
were:  outer diameter  approximately 85  A,  inner  diameter  about 40 A.  The 
length of the protrusions varied from 20-30 A. 
The Fab/z preparations  contained long strands of sidewise aggregated,  short 
rod-shaped fragments. No aggregates were seen in the F(ab't)~/z preparations. 
The two Fab"/z units in the dimeric F(ab")s# fragments were usually parallel 
to each other. The dimensions  of the Fab/~ and F(ab")~ fragments were 50-80 
A X  30 A and 75-80 A X  55 A, respectively. 
These findings  provide morphological  evidence that the C-terminal  ends of 
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the/~-chains (the Fc~ fragment) make up the central ring structure in the IgM 
molecule. They further indicate that the F(ab")~ fragments constitute about 
of the appendages extending from this ring structure. 
We thank Miss Karin Winberg and Mr. Walter Schilling for skilled technical assistance. 
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FIG. 6.  Electron photomicrographs of 24 hr papain digest of IgM. The digest was 
fractionated on Sephadex G-200 and the pictures were taken with material from frac- 
tion 43 in the elution curve shown in Fig. 2. The material was heterogeneous showing 
an abundance of ring structures often defect,  with short filamentous appendages. The 
arrows indicate a few such ring structures. Segmented screw-like  structures of higher 
contrast as well as occasional intact IgM molecules were also seen. Scale line, 500 A. X 
140,000. 
FIG. 7.  Electron photomicrographs of aggregated  ring structures observed in an 
Fc# preparation--fraction 43 from the Sephadex G-200 elution curve shown in Fig. 2. 
The arrows indicate some of the dimers of short rods which make up the subunits of the 
rings. Scale line, 500 A.  X 235,000. 
FIG. 8.  Electron photomicrographs of an Fc> preparation (a, b) obtained by frac- 
tionation on G-200 after papain digestion in the presence of cysteine. One of the rings 
in (b) is disrupted. For comparison, an intact IgM molecule is shown (c).  X 235,000. SVEN-ERIC  SVEIIAG~ BJORN BLOTH~ AND  MAXIME SELIGMANN  705 
FIG. 9.  Electron  photomicrographs  at  high  magnification  of  Fc~  preparations 
showing (a) a  selected area containing a variety of the structures present besides the 
normally predominating ring structures. A common feature of these structures is that 
they  appear  to  contain  dimers  of  short  rods viewed  from  random  directions  (see 
arrows). The  size of  these dimers is approximately the  same as  that  of  the dimers 
which under optimal conditions may be seen in the ring structures (compare Fig. 7). 
Scale line, 200 A. X 466,000.  (b) larger ring structure made up of such short rods. This 
particular ring also contains a  barely discernible large  Fc/~ fragment  in  the center. 
Scale line,  100  A.  ×  466,000. 
FIG.  10.  Electron photomicrographs of a  Fabt~ preparation obtained after  24  hr 
papain digestion of IgM  in  the  absence of cysteine. The pictures were  taken from 
fraction 71  of the Sephadex G-200 elution curve shown in Fig. 2. Long strands con- 
taining short parallel rods often arranged as dimers are seen. Scale lines, 200 A. a)  × 
280,000;b)  ×  302,000. 
FIG. 11. Electron photomicrographs of a  F(ab")2~ preparation obtained after 4 hr 
digestion with pepsin. These fragments were separated from other split products on 
a Sephadex G-200 column. They have the appearance of two parallel rod-like or club- 
like structures joined sidewise. Scale lines, 200 A. a)  ×  326,000;  b) 256,000. 